The last decade has seen the development and application of a spectrum of physical and numerical hydrographic models of the Chesapeake Bay and its tributaries.
Introduction
One of the main goals of research on the Chesapeake Bay is the eventual ability to quantitatively predict the effects of a given perturbation upon the estuarine system. In the hydrodynamic sense such prediction implies the use of models-physical, conceptual, or numerical analogues of the prototype dynamics.
The past seven years has witnessed a flurry of modeling activity on the Bay by the various research agencies. Unfortunately, however, there has been only limited exchange of information between the groups doing the work. In the interest of fostering better communication within the modeling community of the Bay, I have endeavored to assemble a qualitative summary of the major hydrographic and water quality simulations which were concerned with Chesapeake Bay.
Each modeling effort in the Bay area has been unique in many of its aspects. Nevertheless, in order to maintain some semblance of coherence, all endeavors have been grouped into five narrative sections. 
PHYSICAL MODELS
Before the advent of large numerical computers, the only hope of any reasonable analogue of Bay hydrography was to build small physical analogues of the area one wished to study. The U. S. Army Corps of Engineers has over 40 years of experience with such models at the Waterways Experiment Station (WES) in Vicksburg, Mississippi, and their thinking and methodology have dominated physical modeling in this area.
Normally, the Corps analogues are distorted Froude models with a 1OOO:l horizontal reduction and 100: 1 vertical reduction. As its name implies, the Froude model maintains the same ratio between inertial and gravitational forces as in the prototype, thus accurately simulating gravity wave phenomena.
Full dimensional similarity can never be achieved, however, and to accommodate this fact the models are "tuned" to correspond to tidal heights, tidal currents, and salinities. Even after such maneuvers, there is bound to remain a certain error in many variables, such as salinity (Hargis 1968 , Hyer 1972 .
To date the major effort in physical modeling of a Bay tributary has been coordinated by the Virginia Institute of Marine Science (Hargis 1965 (Hargis , 1966 (Hargis , 1968 . To assess the influence of the deepening of the James River channel on the oyster production in the estuary, a model was constructed, tuned, and run at WES. Among other things, the model showed that the 0.1% change in crosssectional area occasioned by the dredging project could increase stratification and thereby reduce the tidal flow by as much as 20% in certain reaches of the river. The reduction in upstream bottom flow was hypothesized to diminish the dispersal of seaward spawned oyster larvae (Nichols 1972) .
After the completion of the James River project, the model was to be destroyed, but the Commonwealth of Virginia requested that the Army retain the model and use it to evaluate other intended James River projects. Since then at least eight separate research programs have been conducted in which the model was used to simulate perturbations caused by heated effluent from nuclear power plants, sewage treatment plants, spoil disposal and fill projects, and pollutant dispersal (Mason and Biggs 1969) .
Flushed by success and public response to the James River model, the Corps is constructing a similar model of the entire Chesapeake Bay and tributaries at Mattapeake, Maryland (USACE 1970) . Acquisition of prototype data (viz. Klepper 1972a, b ) is complete.
Probably the major advantage of the physical models is the ease of visual realization of phenomena.
The ability to observe tidal phenomena first-hand at a guaranteed time advantage, over a precise morphometry, is a distinct help to the researcher trying to formulate a hypothesis, or a politician trying to decide an issue.
The case against physical models is usually fought on economic grounds, and there is no denying that the capital involved in construction and maintenance is great. Other concerns, however, bother the researcher, such as the difficulty in obtaining copious quantitative data from the model. The most significant concern, however, remains the adequacy of dimensional similarity. Froude (gravitational-inertial) similarity is good. Reynolds (inertial-viscous) similarity is prob-ably adequate in the horizontal dimensions, but not in the vertical. Prandtl (diffusiveviscous) and Grasshof (convective-inertial) similarity are questionable, and since many of the applications of physical models involve pollutant dispersal, one should be forewarned not to accept such model results as quantitatively definitive.
ANALYTICAL MODELS
The nonlinearities of the governing equations and complex geometries of the estuary normally preclude any analytical (i.e., paper and pencil) solution to estuarine hydrodynamic models. Nonetheless, there do exist a few examples of rudimentary models which are not numerical in nature.
Such models still provide the quickest and most economical way of estimating mesoscale phenomena such as plume-dispersion. Early efforts by Pritchard and Carter (1965) to predict the excess temperature distribution from a heated discharge were semiempirical in nature, consisting of a similarity transform (the heat-mass transfer analogy) on dye-dispersion data. Continued experience allowed for a more deductive approach (Pritchard and Carter 1972) whereby the nearfield plume was modeled by a patchwork of dimensional considerations, rough continuity calculations, and empirical relations garnered from earlier dye studies.
Recently, Carter and Regier (1974) have extended this semiempirical approach to study the three-dimensional heated surface jet in a cross-flow.
An example of a more refined analytical model is Carter's (1974) Thomann (1963) to predict the longitudinal distribution of chloride concentrations in the upper Potomac estuary to determine whether that area could be used as a freshwater reservoir. The model is extremely simple, describing the tidally averaged rate of change of chloride in terms of advection by the freshwater input and diffusion according to a semiempirical dispersion coefficient.
Simple though the Thomann Model was, it nevertheless proved to be a highly successful engineering tool in conducting engineering analyses. Driven by their initial success, the EPA Laboratory at Annapolis, Maryland, began a concerted effort at modeling the Potomac.
Data for such models were amassed (Jaworski and Clark 1972) . The model itself was extended downstream to Pope's Creek and expanded to predict dissolved oxygen concentrations resulting from increased sewage loadings into the upper estuary (Hetling 1969) .
The original Thomann Model was limited in its predictive capabilities because it only treated the tidally averaged continuity equation. To interject the rudiments of the hydrodynamic behavior to the estuary, Crim (1972) introduced a set of computer models that had been successfully applied to estuaries in the San Francisco-Delta area. Based on a one-dimensional momentum equation for velocity as a function of time along the river, hydrodynamics of the river were included via an empirical functionality between the depth and the flow through the segment. The particular functionality chosen allows for smooth transition between riverine flow and estuarine flow, where the constants involved are evaluated according to Manning's frictional hypothesis.
The two programs listed include AUT@SS, which predicts the final steady-state distributions of water quality to constant BOD loadings, and AUT@QD, which yields the quasi-dynamic response to the system to time varying inputs. Lovelace (1973) expanded the planning and engineering utility of the AUTQQUAL system by modifying it to include non-point source loadings. Pheiffer and Lovelace (1973) and Pheiffer (1974) flushing characteristics dominated by the salinity of the main stem at the mouth of the embayment.
Recog-
TWO-DIMENSIONAL MODELING
As is well known, the Chesapeake Bay is a partially mixed estuary possessing a significant vertical gradient in practically all hydrographic parameters. The cross-sectional averaging necessary in one-dimensional models blurs a great deal of significant physical phenomena and limits the degree to which the To this time all effort at two-dimensional modeling has been directed toward the development of laterally averaged simulations. The appreciable vertical gradients and large length-to-width ratios of the major Chesapeake estuaries make this a reasonable line of development.
To date there have been no efforts to create vertically averaged, twodimensional models applicable to such Chesapeake locales as Mobjack Bay, Pocomoke Sound, Eastern Bay, Susquehanna Flats, etc., where horizontal differences are pronounced.
THREE-DIMENSIONAL MODELING
The transition from two-dimensional to three-dimensional models involves an increase in programming effort and computer capacity well in excess of that required for the similar step from one-to two-dimensional representations.
While three-dimensional simulations of meteorological, limnological, and marine systems have appeared in the literature over the past couple of years, the inaccessibility, to estuarine investigators of the computers required for such studies had delayed the appearance of three-dimensional estuarine models until the past year.
Although many estuarine problems can be adequately dealt with using the directionally averaged models, others are truly threedimensional in scope and require corresponding treatment.
Ironically, the conceptual framework for three-dimensional models is more straightforward than that of the spatially averaged models. This arises from the fact that not all phenomena can be adequately integrated into one or two dimensions.
It is not too surprising, then, that the recent three-dimensional estuarine model of Caponi (1974a, b) is also quite comprehensive in its inclusion of phenomena. The nonlinear equations of motion are integrated over a gridwork of arbitary lateral geometry and bottom topography. Boundary conditions include the representation of river input, oceanic driving forces at the mouth, wind stress, and atmospheric pressure distributions.
Density is considered a linear function of salinity, and Coriolis Force is included. The continuity of a number of hydrodynamically passive species can be included with little increase in storage requirements.
chemists and biologists can apply such model output to their systems, which usually exhibit strong vertical differences.
Thus, in many applications it would be worthwhile to expend the additional effort and funds to employ a two-dimensional hydrodynamic simulation. As a first approximation, Pritchard (1969) A tidally averaged continuity equation including the above terms was integrated with varying boundary conditions of seaward salinity and freshwater input. Four qualitatively different types of flows were identified, and the model predicted the steady-state discharge of contaminants of the four modes.
In a few years Wilson's (1973) technique had progressed, and he was able to represent accurately the tidal dynamics of the lower Potomac estuary over a more realistic twodimensional grid. A simplification which allowed for economy of solution effort was the linearization of the longitudinal momentum equation by assuming that the densityinduced pressure field is constant with time (having values determined by field measurement). It is fortunate that this assumption seems valid over the spatial and temporal domains involved. It is not universally valid, of course, and the modeling community would benefit from a dimensional argument to define the limits of the assumption. The key to the agreement between model and prototype dynamics lay in allowing the eddy viscosity to be a rudimentary function of depth. A somewhat surprising result was that the very same set of eddy viscosities could be used to reproduce both tidal and nontidal flows in the estuary.
Unlike Wilson's model, the pressure field is determined dynamically by the algorithm. For a large, shallow estuary like the Chesapeake, the computational time expended to iterate upon the dynamical pressure field may be unnecessary.
For certain particular applications, however, like the simulation of Langumir circulation cells, the dynamic pressure field is crucial (C. D. Mobley, pers. commun.).
Because he proceeded almost entirely on a-priori grounds, Caponi expressed the turbulent Reynolds stresses as simple Fickian-type functions of the velocities. Other assumptions would be hard to justify on a-priori grounds, but will eventually be necessary. The diffusion of momentum and of salt were assumed to be characterized by the same coefficients (turbulent Prandtl
No. = 1). This assumption obviously needs refinement.
The model has been run on a simplified geometry (rectangular-box estuary) and an approximation of the main stem of the Chesapeake Bay. At present, however, the model has not been calibrated or verified (due in part to the unavailability of comprehensive data). Initial published trials (Caponi 1974a) on the Bay model did not predict two-layer flow or the east-west salinity gradient due to Coriolis Force, but this has recently been traced to defects in a subroutine coding. Predicted velocities and tidal amplitudes are still too large, and there is some question as to whether the large, horizontal, tidally averaged eddies are real phenomena or artifacts of the model. A finer gridwork (and large computer) are necessary to keep the edge effects from becoming so dominant throughout the water column.
While salinity tends to dominate over temperature as the cause of densimetric flows in the estuary, the Caponi model, nonetheless, suffers from the lack of a temperature field. There are seasonal times (e.g., late summer) and local conditions (large power plants) where temperature is a key element in determining meso-scale flow patterns.
ONGOING PROJECTS
Numerical modeling of the Bay is presently a very widespread activity, and it is not the purpose of this summary to catalog all such research. The subject would seem incomplete, however, without brief mention of some of the projects underway which should substantially alter the state of the art of Chesapeake modeling within the next several months.
With regard to one-dimensional modeling, it is only a short time before all the tributaries of the Bay system will have been modeled at least once for water quality. Hydroscience, Inc. (Salas and Thomann, 1975 
Summary and Recommendations
The state of the art of hydrodynamic modeling in the Chesapeake Bay has made rapid strides in the past seven years. The mix of simulation efforts to be found in the area shows considerable breadth, so that anyone searching for a model to employ in a given situation has a wide choice. This breadth, however, tends to be quite compartmentalized; i.e., there is almost a one-to-one correspondence between the categories of models presented above and the several research organizations in the area. As a division of labor this might serve well. From an academic viewpoint, however, it is apparent that everyone involved in the field would benefit from greater cross-fertilization of ideas. Some informal mechanism to accomplish better communication among investigators is in order.
It is encouraging to note that in relation to modeling efforts elsewhere, the combined efforts of Chesapeake workers had, despite a late start, advanced to the forefront of research. This is especially obvious in regard to the two-and three-dimensional numerical models cited. There is reason for concern, however, in that this surge of accomplishment has been built upon a lead of copious hydrographic data acquisition.
The present decline in field activity on the Bay could, if not reversed, eventually jeopardize continued modeling progress.
Finally, there remains the question as to what track future efforts will take. While the academic questions, such as those concerning sub-grid-scale phenomena, could remain formidable for decades to come, it is quite likely that, from an engineering viewpoint, hydrodynamic models will achieve a high degree of realism and precision within the next ten years. It is quite conceivable that development efforts will then shift to coupled chemical, biological, geological, and hydrographic models. Thus, those involved in writing hydrographic algorithms could expedite the advance of modeling by anticipating the eventual coupling of such phenomena. 
